Escherichia coli mutants lacking alcohol dehydrogenase (adh mutants) cannot synthesize the fermentation product ethanol and are unable to grow anaerobically on glucose and other hexoses. Similarly, phosphotransacetylase-negative mutants (pta mutants) neither excrete acetate nor grow anaerobically. However, when a strain carrying an adh deletion was selected for anaerobic growth on glucose, spontaneous pta mutants were isolated. Strains carrying both adh and pta mutations were observed by in vivo nuclear magnetic resonance and shown to produce lactic acid as the major fermentation product. Various combinations of ad/h pta double mutants regained the ability to grow anaerobically on hexoses, by what amounts to a homolactic fermentation. Unlike wild-type strains, such adh pta double mutants were unable to grow anaerobically on sorbitol or on glucuronic acid. The growth properties of strains carrying various mutations affecting the enzymes of fermentation are discussed in terms of redox balance.
Escherichia coli mutants lacking alcohol dehydrogenase (adh mutants) cannot synthesize the fermentation product ethanol and are unable to grow anaerobically on glucose and other hexoses. Similarly, phosphotransacetylase-negative mutants (pta mutants) neither excrete acetate nor grow anaerobically. However, when a strain carrying an adh deletion was selected for anaerobic growth on glucose, spontaneous pta mutants were isolated. Strains carrying both adh and pta mutations were observed by in vivo nuclear magnetic resonance and shown to produce lactic acid as the major fermentation product. Various combinations of ad/h pta double mutants regained the ability to grow anaerobically on hexoses, by what amounts to a homolactic fermentation. Unlike wild-type strains, such adh pta double mutants were unable to grow anaerobically on sorbitol or on glucuronic acid. The growth properties of strains carrying various mutations affecting the enzymes of fermentation are discussed in terms of redox balance.
Enterobacteria such as Escherichia coli are facultative anaerobes able to grow under both aerobic and anaerobic conditions. Although normally cultured aerobically in the laboratory, the major natural habitat of E. coli is the large intestine of mammals, where conditions are anaerobic (20) . In the absence of oxygen, energy may be derived from anaerobic respiration if an alternative electron acceptor such as nitrate, nitrite, or fumarate is present (13, 14, 28) . However, in the absence of any external oxidant, E. coli ferments sugars and derivatives such as hexitols and hexuronic acids to a mixture of products, namely, formic acid, acetic acid, lactic acid, succinic acid, and ethanol (9, 11, 26) . This growth mode is thus termed mixed acid fermentation. The proportions of the various fermentation products depend both on environmental variables such as pH and on the nature of the fermentable substrate (11, 26) . Thus, low pH results in an increase in lactate at the expense of acetate and ethanol (21) . Not surprisingly, replacing a hexose such as glucose by the more reduced hexitol sorbitol results in an increase of the highly reduced product ethanol at the expense of acetic acid (K. Y. Alam and D. P. Clark, manuscript in preparation).
Mutants lacking alcohol dehydrogenase (ADH) (adh mutants) cannot synthesize ethanol and cannot grow anaerobically on glucose or sorbitol as the carbon source (8, 18) . However, they will grow with the more oxidized derivative glucuronic acid. Mutants deficient in phosphotransacetylase (PTA) (pta mutants) are also unable to grow anaerobically, but this defect is common to both more reduced and more oxidized sugar derivatives (12) . It occurred to us that defects in adh and pta might cancel out metabolically for substrates of intermediate redox level, i.e., hexoses themselves. Here we show that doubly defective strains lacking both ADH and PTA will indeed ferment glucose to lactic acid even though they cannot make either ethanol or acetate. * Corresponding author.
MATERIALS AND METHODS
Bacterial strains and culture media. All bacterial strains were derivatives of E. coli K-12 and are described in Table 1 . Rich broth contained (per liter) tryptone (10 g), NaCl (5 g), and yeast extract (1 g ). Minimal medium M9 (22) was supplemented with carbon sources at 0.4% (wt/vol) and when appropriate with amino acids (50 mg/liter) and vitamins (5 mg/liter). Solid media contained 1.5% (wt/vol) Bacto-Agar (Difco Laboratories, Detroit, Mich.). Metabolism of ethanol or acetate was screened with the tetrazolium indicator plates of Bochner and Savageau (3) as modified previously (18) and containing 0.5% (wt/vol) ethanol or 0.4% (wt/vol) acetate. Anaerobic growth was performed in anaerobic jars (Oxoid Ltd., London, England) under an atmosphere of H2 plus CO, generated by Oxoid Gas Generating Kits. All media for anaerobic growth were supplemented with the following trace elements: Fe (50 ,um), Se (5 [Lm), Mo (5 , um) , and Mn (5 tLm) (31) .
Genetic procedures. Transductions were performed essentially as described by Miller (22) , and transductants were selected on medium E (30) containing 0.4% glucose and 0.1% casein hydrolysate. Tetracycline was used at 10 mg/liter to select for the presence of TnIO. Deletions of the TnIO element were selected by the zinc and fusaric acid method of Bochner et al. (2) .
Enzyme assays and stains. Soluble cell extracts for enzyme assay were made by breaking bacteria in a French press followed by ultracentrifugation as described previously (6) . ADH and acetaldehyde coenzyme A dehydrogenase (ACDH) were assayed by observing the reduction of NAD at 340 nm (6, 8) . PTA and acetate kinase (ACK) (5, 27) were assayed as described by Guest (12) , and the fermentative lactate dehydrogenase was assayed as described by Tarmy and Kaplan (29) .
Colonies to be stained for pyruvate formate lyase or formate dehydrogenase activity were grown on M9 agar (22) containing rich broth. The colonies were overlaid with soft agar (0.75% Bacto-Agar) containing 25 mM potassium phosphate (pH 7.4), 1 mg of benzyl viologen per ml, and either 100 mM pyruvate or 250 mM formate. Observation of fermentation products by NMR. These experiments were modeled on the work of Ogino and coworkers (23, 24) , who monitored the synthesis of fermentation products by performing in vivo nuclear magnetic resonance (NMR) scans of whole cultures. E. coli were grown in M9 medium (pH 7.2) in the presence of 0.1 M glucose as the sole carbon source. When the cell density reached approximately 5 x 108 ml, the cells were collected by centrifugation at 7,000 rpm (4,000 x g) for 2 min at 5°C. The cell pellets were resuspended in M9 buffer and washed twice with the same buffer. The cells were finally resuspended in M9 buffer (pH 7.2) containing 0.1 M glucose and anaerobic trace metals at a cell density of 5 x 108 ml. A 0.9-mI sample of cell suspension was placed in a 5 mM NMR tube with 0.1 ml of D20. The suspension was then bubbled with argon gas to remove all oxygen. The cell suspension was incubated at 37°C for 4 
RESULTS
Preliminary observations. We found previously that mutants of E. coli with defects at the (Id/h locus and lacking ADH and ACDH were unable to grow anaerobically on sugars such as glucose (8, 18) . When revertants were selected from several adliE mutants of DC272, they all regained ADH, ACDH, and the ability to grow anaerobically simultaneously (8) . However, when the same adliE mutations were transduced into other genetic backgrounds, we were able to select revertants, many of which regained the ability to grow anaerobically but were still lacking significant ADH and ACDH enzyme activity. A preliminary description of the types of revertants isolated in different backgrounds has appeared as a conference report (7) . These experiments were done with point mutants with slight residual ADH activity (7, 8, 18 (Table 2 ) and the associated ACDH (data not shown). All four had greatly reduced levels of PTA, which accounts for their poor growth on acetate; however, ACK levels were little altered. The levels of lactate dehydrogenase were little changed. Table 2 shows data for anaerobic cultures. Similar values for all four enzymes were found in a duplicate set of cultures grown aerobically (data not shown). These mutations were found to be at the pta locus (see below).
The growth of the pta (Ana' Ace-) strains was tested on several carbon sources including Krebs cycle intermediates and sugars both aerobically and anaerobically. In air, the only difference from their parent was poor growth on acetate (data not shown). Anaerobically, the pta (Ana' Ace-) derivatives grew on glucose, other hexoses, and pentoses and grew poorly on gluconate. They did not regain the ability to grow on sorbitol or glucuronic acid ( Table 2) .
Observation of fermentation products by NMR. Strain DC300 zch::TnJO adhC, its adh deletion derivative SHH31, and the pta derivatives of SHH31 were incubated anaerobically in glucose for 3 to 4 h in an NMR tube and scanned for the presence of fermentation products as detailed in Materials and Methods. Strain DC300 produced ethanol, acetate, and lactate (Fig. 1) . Although strain SHH31 cannot grow under these conditions, it did produce significant amounts of acetate and lactate but no detectable ethanol (Fig. 1) . The Aadh pta double mutants produced no ethanol and showed greatly reduced amounts of acetate. Lactic acid was now the only major fermentation product in those strains (Fig. 2) .
Genetic analysis. The growth properties and enzyme assays suggested that the Ana+ Ace-derivatives SHH41, -42, -43, and -44 were pta mutants. These strains were therefore transduced with P1 grown on strain SHH300, which has a TnJO insertion closely linked to the pta locus. As expected, the mutations in all four strains were closely linked to the zfa::TnJO insertion of SHH300 (Table 3) . Upon transducing to pta+, SHH 41, -42, -43, and -44 regained the ability to grow aerobically on acetate and simultaneously lost the (Aadh pta43) were incubated anaerobically with glucose and scanned to reveal the accumulation of ethanol (E), acetate (A), lactate (L), and succinate (S). A trace of pyruvate (P) was also observed.
ability to grow anaerobically on glucose. Similar cotransduction frequencies were seen for TA3516 A(pta ack) (17) and JRG1078facA (Table 3 ). The facA mutation abolishes both PTA and ACK activity and maps in the pta-ack operon (12) .
It has been shown by Guest (12) that pta mutations prevent anaerobic growth on glucose as well as aerobic growth on acetate. We therefore grew P1 on derivatives of the Aadh pta double mutants SHH42, SHH43, and SHH44 containing zfa::TnlO (but retaining their pta mutations).
These pta mutations were then transduced into the wild-type strains MC4100 and LCB320 (Table 3 ) and found to prevent aerobic growth on acetate as expected and to greatly reduce anaerobic growth on glucose (see below). It has previously been noted that ack and pta mutants express reduced levels of pyruvate formate tyase (16) . We stained our mutants (see Materials and Methods) and observed that all gave the same response as the parent with the formate dehydrogenase stain but showed greatly reduced activity with the pyruvate formate lyase stain. We also directly constructed double mutants by transducing the pta mutation from SHH305 into strains carrying adhE2, adhE436, adhE478, and adh::A:Kan in various genetic backgrounds. The adhE pta double mutants all grew poorly on acetate in air and regained the ability to grow anaerobically with hexoses as the sole carbon source (data not shown). Anomalous strains. When pta mutations were transduced into strains derived from Ymel (e.g., DC271, DC272, DC861, or DC862) or into strain W1485, the resulting transductants were unable to grow with acetate as the sole carbon source in air yet were still able to grow anaerobically on glucose. For strains MC4100 and LCB320, we found that pta mutations gave poor but significant anaerobic growth and were difficult to score by this criterion. However, in all these cases, pta derivatives failed to grow anaerobically on glucuronate or glycerol plus fumarate. These growth tests were clear-cut. Examples of strains showing vigorous anaerobic growth on glucose even when pta negative were examined by NMR (Fig. 3) . We found that although very little acetate was excreted anaerobically, large amounts of succinate were produced, unlike most normal E. coli strains. Thus, although acetate excretion is blocked, strains of certain genetic backgrounds can circumvent this block and can still grow. It should be pointed out that adh mutations behave normally in these genetic backgrounds, i.e., they prevent anaerobic (12) . It may be that these mutations also affect the expression of other closely linked genes. In particular, nirE and menCBD, which are known to affect hnaerobic growth, map very close to pta-ack (1, 12), as does acetyl coenzyme A synthetase (F. Dailey, personal communication). Our own selection, demanding as it does anaerobic growth, would obviously eliminate mutants with such multiple defects. We found that those strains which grew anaerobically on glucose even when pta negative produced unusually large amounts of succinate (but no acetate). In addition, the proportion of lactate was somewhat increased, whereas ethanol accumulation was decreased.
Our search for mutants capable of restoring anaerobic growth on hexoses to an adh deletion strain did not yield any ack mutants despite the fact that these should also block the acetate pathway just as pta mutants do. Furthermore, Pascal et al. (25) found ACK mutants which restored anaerobic growth to an ana (adh) mutant. However, although the ana mutant is deficient in ADH under conditions of high catabolite repression, it expresses ADH when grown in the absence of catabolite-repressing sugars (D. P. Clark, unpublished data), i.e., ana is a regulatory mutation closely linked to but not in adh. Furthermore, the ACK-negative mutations of Pascal et al. (25) were not at the previously known pta-ack locus but in a new gene, ackB. How these observations relate to the present work is problematical since the nature of the ackB gene is unknown. A final consideration is that phosphate may be transferred from acetylphosphate to glucose via the phosphotransferase system (10) . Consequently, a defect in ACK alone would not result in blockage of acetate excretion. This could explain why no ackA mutants were isolated in the present study.
